and structural applications. Metal foams have found widespread application as impact and energy absorbers, for example, as crumple zone materials.
Another important topic that we have stressed repeatedly is hierarchical porosity; that is the engineering or control of voids simultaneously at multiple length scales. One of the important and rapidly growing areas of research involving hierarchical porosity is that of biomaterials for implantation into a body. The field has undergone a remarkable evolution since 1960s and 1970s when the first generation of biomaterials was introduced; see Fig. 7.3 (Holzapfel et al., 2013) . The first generation biomaterials was chosen mainly for chemical inertness, i.e., biocompatibility. The materials were chosen so the body would not attack and reject the implant; but it also meant that the materials did not encourage healing and the growth of new tissue. An important example of this is the use of titanium. Subsequent generations of biomaterials, referred to as bioactive materials, are open to increasing interactions with the body. Thus, biomaterials are bioactive and biodegradable, in addition to being biocompatible. We use the term biomimetic to describe them. We define biomimetic as a material or material process that replicates one in nature or biology. As shown in Fig.  4 .14, hierarchical porosity plays an important role in the tissue regeneration process by facilitating growth of cellular and extracellular material. The first generation of biomaterials was focused on inertness, using materials such as titanium. The approach has changed to have the materials that are biodegradable, bioactive, and biocompatible, i.e., biomimicry. Hierarchical porosity is an important feature of biomimetic materials as it enables tissue regeneration (Holzapfel et al., 2013) .
In addition to foams, we discuss other applications of voids in materials. These applications may not be obvious, but they take advantage of voids at some level for functionality. As such we present functionality in this chapter based upon length scale for a specific application.
MACROSCALE VOIDS

Honeycomb
Everybody knows what a honeycomb is. It is the engineered structure that bees make of beeswax to store honey. It turns out that the hexagonal form of stacking results in the most compact structure. It can be easily shown that hexagonal packing will result in 90.6% packing efficiency. In engineering, we call any structure resembling honeycomb made by bees a honeycomb.
Honeycombs, traditionally, are hexagonal closed cell columnar structures leading to very rigid properties in the out-of-plane direction to weak properties in the in-plane directions. Composite structures in aircrafts are commonly formed by bonding honeycomb cores with face sheets or skins in both primary (wings) and secondary (floors and bulkheads) structural components, see Fig. 7 .4. The objective is similar to that of an I-beam, namely, the core provides the shear resistance and enhanced stiffness by keeping the facing sheets apart. The attractive features of honeycomb core materials and their uses in sandwich composites are the low density, high strength and stiffness at a relatively low cost. In addition to these advantages, the honeycomb structures can add other functionalities such as improved thermal insulation, sound abatement, fire resistance, and vibration damping properties (Black, 2003) .
Since the 1960s, polymer composite based laminates using honeycomb cores have been used extensively in aerospace and commercial aircraft Paik et al. (1999).) applications. Figure 7 .5 highlights the extensive use of honeycomb cores on the Airbus A380-800. The components using honeycomb on the A380 include loadbearing floorboards, control surfaces on the wings and tail sections, and external engine parts. The first aerospace application of a laminate structure with honeycomb core dates back to 1915 when Hugo Junkers patented the sandwich structure using a honeycomb core with metal face sheets. This sandwich concept would eventually lead to the replacement of fabric covered structures with metal laminates in aircraft construction. The most common aerospace honeycomb cores are made from aluminum and aramid (Kevlar, Nomex, etc.) .
One drawback of honeycomb is the anisotropic behavior stemming from the columnar, closed cell void structure (Xiong et al., 2014b) . Attempts to create a three dimensional honeycomb with interconnected porosity have been made to address these shortcomings and add additional functionality (Xiong et al., 2014a; Xiong et al., 2014b) . Xiong et al. found that more complex stresses can be accommodated by pyramidal and "egg" or three dimensional geometries, see Fig. 7 .6.
Hollow Composite Macrospheres and Composite Syntactic Foams
Hollow spheres represent another material type used in very high volumes in the deep sea buoyancy applications. Typically, diameters of these hollow spheres range from 3 to 50 mm. These spheres are made via rotational molding around a low density, sacrificial core, such as polystyrene; see Fig. 7 .7. The high strength shells are formed by building up consecutive layers of a thermosetting resin, typically epoxy, and chopped fiber reinforcement. A layer is cured before the next layer is started and the process continues until the final density is reached. There is a strong correlation between density and hydrostatic strength. The hydrostatic crush strength of a sphere is dependent upon its sphericity, sphere diameter, and the ratio of the sphere diameter to shell wall thickness. For deep sea use, the hollow macrospheres are then embedded in a syntactic foam matrix (thermosetting polymer with hollow glass microspheres) and are called composite syntactic foams. Composite syntactic foams are used for buoyancy in drill riser buoyancy modules, distributed buoyancy, and some subsea vehicles. When we sum up the volume occupied by hollow macro and microspheres used in these buoyancy modules, we end up with as much as 80-85% by volume of hollow particles (empty space + the shell). These module densities are optimized for maximum resistance to failure under hydrostatic conditions.
Deep Sea Exploration
In this section, we wish to highlight a unique application that involves the use of hollow ceramic structures, namely, deep sea exploration. There are many types of underwater vehicles designed to operate deep in the ocean. One class of exploration vehicle is the hybrid remotely operated vehicle (HROV). HROV, Nereus, was designed and built by the Woods Hole Oceanographic Institution (WHOI) in Woods Hole, MA, with the goal of exploring the Earth's deepest trenches at the bottom of the oceans, see Fig. 7 .8. The word Nereus comes from a mythical Greek god with a fish tail and a man's torso. The main point was to use the vehicle for exploration under extreme environmental conditions, namely, the crushing hydrostatic pressure at great ocean depths. The hydrostatic pressure due to water increases 1 atm (0.1 MPa) per 10 m depth. Nereus was designed to operate like two types of vehicles, hence the word "hybrid." The first mode was to move and explore without any operator input, as an autonomous underwater vehicle (AUV). The second mode of operation was tethered to a surface ship and being controlled by a person not inside of the vehicle, i.e., as an ROV. The tether supplies power and has wires that carry the signals to control Nereus's movement and instrumentation.
We discussed the processing of the ceramic buoyancy spheres used on Nereus in Section 5.2.5. What follows is a brief description of the conditions under which Nereus worked, the design tradeoffs pertaining to voids spaces, and an implosion that occurred on May 9, 2014 about 10 km below the surface, according to the expedition leader Casey Machado (2014) .
Nereus was capable of operating in the deepest regions of earth's oceans known as the hadal zone (down to 11 km). The greatest challenge, of course, at these depths is the large hydrostatic pressure from the seawater. At 11 km, the hydrostatic pressure is around 116 MPa (1140 atm). Compare this to the pressure at sea level of only 0.101 MPa (1 atm), which is the pressure most systems on earth are required to function in. Any component on Nereus must either be strong enough to withstand the immense hydrostatic pressure, or be inside a protective enclosure (pressure vessel/housing) at 0.101 MPa. Nereus had nine ceramic pressure housings, which protected its electronics and batteries, all of which had the potential to implode. In addition to the pressure housings for electronics, Nereus also used hollow ceramic macrospheres (10 cm in diameter) for buoyancy. There are typically approximately 1600 of these spheres aboard Nereus.
The design challenge is to make strong housings that are also light weight (a priority while trying to provide enough flotation). This led to the use of ceramic materials in place of housings made entirely of titanium. Ceramic materials are low weight and very strong in compression. As we all know, ceramics are very brittle, i.e., susceptible to catastrophic failure.
According to Machado (2014) , while exploring the Kermadec Trench on May 9, 2014, there occurred an implosion. While the system could tolerate the loss of certain individual pressure housings, the energy released during an implosion generates a pressure wave that most likely proved too much for other nearby housings to withstand, leading to sympathetic additional implosions. According to him, a risk/probability analysis was conducted after the incident, which showed that the pressure housing containing a camera which includes a glass viewport was one of the most likely culprits.
MICROMETER SCALE VOIDS
Foams
The most widespread use of micrometer scale voids is in traditional stochastic foams. These include ceramic, metal, polymer, and composite-based foams. These foams have engineered porosity, which leads to an immediate reduction in density. This reduction in density leads to a change in other properties such as dielectric, mechanical, thermal, and acoustic. Applications stemming from these properties are numerous and diverse: from simply filling spaces, seat and furniture cushions, buoyancy products, proppants to aid in oil and gas recovery, composite cores, thermal insulation, sound and vibration damping, and impact and blast mitigation.
Micrometer scale voids can be found in other applications that are not so obvious as the traditional applications of foams. These include the use of glass microballoons (reinforced voids) to sensitize chemical explosives, drug delivery, and reinforced and unreinforced voids in ablative heat shields.
The reduced density that occurs when voids are introduced is important to many of the material properties. These changes to materials are important in optimizing the overall component design and functionality.
Syntactic Foams and Hollow Microspheres
Syntactic foams and hollow microspheres are important fields of research with expanding applications (Gladysz and Chawla, 2002) . Figure 7 .9 shows the microstructure of a two-phase polymer based syntactic with glass microballoons commonly used in deep sea insulation. Two-phase, glass microballoon based syntactic foams are, by far, the most used syntactic foams for deep sea applications. The material design of deep sea insulation for crude oil pipelines is challenging. Crude exits the well at the ocean floor hot, sometimes 100 °C and even hotter at deeper depths. Crude must retain this heat to prevent waxes from forming on the walls of the pipe as it flows to surface of the ocean. We should remind the reader that the temperature of the water at 1.5 km deep in the ocean is close to 0 °C. Wax formations in the crude can restrict and even cut off the flow rate of crude that a pipe can deliver. The design of the insulation requires balancing of competing design criteria, minimizing thermal conductivity of the insulation, and maximizing resistance to hydrostatic pressure at ocean depth. One needs to keep the density of the glass microballoons low, which minimizes the thermal conductivity while maximizing the density of the glass microballoons which maximizes the resistance to hydrostatic pressures. Also, the lifetime of this insulation under these conditions (high temperature, high hydrostatic pressure) needs to be a decade or more. Physical aging, water ingress, and polymer and glass degradation also need to be considered.
The use of hollow microspheres in a syntactic foam involves many material design options, the most basic being that of having reinforced (hollow microspheres) and/or unreinforced (interstitial porosity) voids. Note that this aspect is not available in single-phase blown foams. When considering options of reinforced voids, one must take into account volume fraction of microballoons; shell material (glass, carbon, phenolic, etc. or a mixture of these); porous or dense shells; and microballoon size, shape, and distributions (i.e., mono modal, bimodal, or multimodal). One can consider many options for the unreinforced void as well, open or closed cell, volume fraction, and size/ distribution. Reinforced and unreinforced voids can be varied independently or can have a gradient within a material. For example, one can have a density gradient in a syntactic foam (Gupta and Ricci, 2006) , with higher void volume fraction near the surface, which gradually decreases toward the center.
Applications of syntactic foams stem from the high specific strength (strength/density) and stiffness (modulus/density), as well as low thermal conductivity and low coefficient of thermal expansion. These applications include (Gupta et al., 2014) : 1. Marine, primarily deep sea buoyancy and insulation 2. Aerospace, aircraft, and spacecraft 3. Sports equipment 4. Synthetic wood for furniture 5. Plug assist material for vacuum forming 6. Materials used for composite tool layup 7. Radio equipment 8. Blast and fire protection
Explosives
One of the largest applications, by volume, of hollow microspheres is their use in chemical explosives. The voids play an important part in tailoring the properties of explosive formulations. These voids are considered inert additives and the addition of voids is very important to the accurate targeting of density. The density, in turn, determines the detonation velocity, which controls the detonation pressure. Detonation pressure is a very important characteristic for any explosive. It is a measure of the shock wave energy. Since the shock wave energy is affected by density and detonation velocity, it is altered by controlling the void volume fraction of hollow microspheres in the explosive.
We can analyze the detonation velocity of an explosive composition in terms of a composite material consisting of explosive and voids. The detonation velocity of such a composite, D mix , is a function of density and can be calculated very precisely by applying the rule of mixtures to the composite consisting of the explosive(s) and voids:
where D mix is detonation velocity of the mixture, D is characteristic detonation velocity, V is volume fraction, and the subscript, i, indicates the component, in this case the explosive and void. Therefore, for a binary mixture containing just one explosive compound and one type of void, the equation becomes
where the subscripts v and exp indicate the void and explosive, respectively. Detonation velocities are well documented for various explosives and fillers. The characteristic detonation velocity for voids, D v , is 1.5 km/s (Cooper and Cooper, 1996) ; substituting this into Eqn (7.2) gives
Since the volume fraction of void and explosive must equal 1, we use
Equation (7.3) can be simplified as:
Rearranging:
Equation (7.6) very accurately predicts the detonation velocity when compared with experimental data, as shown in Fig. 7 .10. This figure compares values of a binary of pentaerythritol tetranitrate (PETN) and void from a volume fraction from 1.0 to essentially 0.0. The experimental data and the solid trend line are in good agreement.
Once the detonation velocity is known, as provided above, the detonation pressure P C−J (GPa) can be estimated by the following, Cooper and Cooper (1996) :
where ρ mix is the density of the explosive void material in g/cm 3 , γ is the ratio of specific heat of product gases to the reactants, and D mix is given by Eqn (7.6).
Drug Delivery
PulmoSpheres ™ are an example of a hollow porous particle used for drug delivery. PulmoSpheres are not the medicine per se; they are the vehicles for delivering the drug. These porous, hollow spheres can be formulated with different drugs. They are 3-5 μm in diameter. The shape and structure of PulmoSpheres give them the aerodynamic properties required for pulmonary (Cooper and Cooper, 1996) .
drug delivery for use in dry powder inhalers, nebulizers, etc., see Fig. 7 .11. The void structure is designed to ensure that the initial surface area to volume ratio, as well as the evolving particle surface area (as the particle dissolves) will provide the proper dosage and drug release characteristics. The continuous phase contains any water soluble drug (e.g., Tobramycin). Tobramycin is a common antibiotic used for health conditions such as lung infections, asthma, and cystic fibrous.
Heat Shields
Ablation is the process of removing the surface of a material by vaporizing it. Composite and multiphase syntactic foams are used extensively as ablative materials. Ablative materials are found in rocket nozzles to protect internal structures from hot combustion gases and as heat shields for planetary entry. During atmospheric entry of a spacecraft, extreme ablative conditions are present; these include high velocity, high temperature potentially in an oxidizing environment, and erosion from friction with the atmospheric gases. The important material properties for ablative resistance are low density, low thermal conductivity, high temperature resistance, formation of a stable char, and high char shear strength. Figure 7 .12(a) shows a scanning electron micrograph of a typical silicone based ablative material. Voids play an important role in the functioning of an ablator. Space travel requires low density materials to minimize weight, thus reducing the energy requirement to lift a vehicle either into orbit or to escape the pull of Earth's gravity. Designing voids into materials reduces density. Other important properties that voids bring to ablative materials are low thermal conductivity and low coefficient of thermal expansion. The ablative material in Fig. 7 .12(a) is a multiphase syntactic foam containing both reinforced and unreinforced voids as well as a discontinuous fibrous phase. The unreinforced void is the interstitial void between the filler materials. One of the filler materials is the reinforced void, a hollow glass microsphere, and other one is the fiber. Common binder phase materials for ablative materials are phenolics and silicones because of their high char yield. Figure 7 .12(b) shows a finished silicone based heat shield approximately 3 m in diameter.
Testing of heat shield materials is a nontrivial job. One test involving an arc jet is shown in Fig. 7.13(a) . Another example involves an array of solar collectors, collecting and focusing solar light on a sample mounted on a testing tower. This testing is done at Sandia National Laboratory's Solar Tower Facility (located in Albuquerque, NM); see Fig. 7.13(b) . Both the tests are designed to simulate the conditions of planetary entry. Such tests can be used to assess new formulations of ablative materials. The image captured in the inset in Fig. 7.13(b) was taken just 1 s into the test and shows the blow off of the ablator surface. Figure 7 .13(c) is a photograph of a heat shield after the test. The test shows the ablated surface layers and the exposed underlying honeycomb structure. Typically during processing, the syntactic foam is packed and cured into the hollows of the honeycomb. The honeycomb adds compressive strength and helps maintain the structural integrity of the syntactic/composite foam during service.
NANOMETER SCALE VOIDS
In this section we give examples of foam applications with nanometer scale voids.
Lithium Ion Battery
Lithium ion batteries are rechargeable batteries that are characterized by very high power densities. Such batteries have become very commonplace: from everyday electronic products such as cell phones to electric vehicles. What is not commonly appreciated is that voids play a very important role in such batteries. As this example will illustrate the void structure in a material, it does not always need to be spherical. Let us first briefly describe the main features of a lithium ion battery and then point out the important role of voids in it.
There are four components in a lithium ion cell: anode, cathode, separator, and the nonaqueous electrolyte. Different chemistries are used; the anode is graphite, the cathode is an oxide (LiCoO 2 ), and the alternating layers of anode and cathode are separated by a porous polymer separator, which is generally made of polypropylene (PP), polyethylene (PE), or a laminate of PP and PE. In all cases a critical feature of the separator is a controlled amount and uniform size of porosity in the separator.
The electrolyte consists of an organic solvent and dissolved lithium salt, it provides the media for Li ion transport. Lithium ions move from the anode to the cathode during discharge and are intercalated into, i.e., are inserted into, open spaces in the voids in the cathode. The Li ions make the reverse journey during charging. A lithium ion battery (or battery pack) is made from one or more individual cells packaged together with their associated protection electronics.
Cells are constructed by stacking alternating layers of electrodes such as in prismatic cells or by winding long strips of electrodes into a "jelly roll" configuration typical for cylindrical cells, see Fig. 7 .14. Generally, cell form factors are classified as prismatic, cylindrical, and pouch cells (also known as polymer, soft-pack polymer, or lithium polymer).
A separator is nothing but a porous membrane that separates the anode and the cathode in a lithium ion battery. It allows flow of ionic charge carriers but prevents electrical contact between the electrodes (Arora and Zhang, 2004) . All separators contain pores or voids. They can be made of nonwoven fibers (e.g., cotton, polyester, nylon, or glass); films of PE, PP; or laminates of PP and PE. Lithium based batteries use nonaqueous electrolytes because of the reactivity of lithium with water. Most of these batteries use porous membranes made of polyolefins. There are two processes of making separators: dry and wet. In the dry process, a polyolefin resin is melted, extruded into a film and annealed, and subjected to a controlled tensile stretching to form pores (∼40% by volume). Examples of the microstructure of such separators made by Celgard are shown in Fig. 7.15 . Note the slitlike form of voids. The mechanical properties of the separator are obviously anisotropic. The wet process is an example of a χ-induced syneresis technique of introducing voids discussed in Chapter 5. In the wet process, a hydrocarbon liquid is mixed with a polyolefin resin, followed by heating, melting, and extrusion into a sheet. The sheet is oriented and the hydrocarbon liquid is extracted with a volatile solvent. Typically, a controlled amount of porosity (∼40% by volume) and submicrometer pore size are specified. It is worth mentioning that pore closure can occur with increasing applied compressive stress. 
Carbon Nanotubes
Carbon nanotubes (CNT) have found applications in a number of composite materials including sporting goods, wind turbine blades, antifouling marine coatings, and electromagnetic shielding for spacecraft (De Volder et al., 2013) . CNTs have been added to polyacrylonitrile fibers, a precursor material for carbon fibers (Chae et al., 2009) . Upon carbonization, the addition of CNTs allowed for stable carbon fiber formation with diameters down to 1 μm, see Fig. 7 .16, and significant increases in strength and modulus.
Solar Energy
One cannot overstate the importance of titania (TiO 2 ). It is used as a white pigment for paints but its reach into technology is broad and functionalities are based on its electronic and optical properties. Titania's applications are vast, from paints and cosmetics to photocatalysis for water purification (Koopman et al., 2009) , solar cells, lithium ion batteries, sensors, biomaterials, and catalyst supports (Zhang et al., 2012; Diebold, 2003) .
Many of these applications are based on functionalities that are derived from its pore structure. Figure 7 .17 shows nanometer scale porosity in titania. This material and its pore structure have been used to split water (Fujishima and Honda, 1972) to create hydrogen for fuel cell use, see Fig. 7 .18. There are three main steps in the process: 1. Absorption of photons by TiO 2 for the generation of electron-hole pairs, 2. Carrier separation and migration to the catalyst surface, and 3. Redox reactions producing H 2 and O 2
Titania is a semiconductor. When it absorbs energy, for example from photons, it can create an electron-hole pair. The electron-hole pair is created when the absorbed energy is equal to the bandgap energy. The bandgap between the valence and conduction bands in titania depends on the crystal phase. The bandgap for rutile and anatase phases is 3.1 and 3.27 eV (Valencia et al., 2010) , respectively. To split water into H 2 and O 2 , it takes 1.23 eV. Water molecules on active sites will split and form H 2 and O 2 . It is interesting to note that atomic defects in the titania crystal structure are an undesirable void as they will facilitate the recombination of the electron-hole pair (Zhang et al., 2012) , inhibiting photocatalysis. However, the process of splitting water in Fig. 7 .18 is greatly enhanced by having a large surface area. Nanometer scale surface porosity, as shown in Fig. 7 .17, creates TiO 2 with a large surface area and provides many sites for the absorption of photons and the redox reaction.
SUBNANOMETER VOIDS
In order to visualize subnanometer voids, one needs to explore in the realm of atomic and molecular structure. There have been times in history when the use of such subnanometer void space has ushered in technological leaps. One such example is steel, in which predominantly carbon resides in the Figure 7 .18 Mechanism of TiO 2 photocatalytic water splitting for hydrogen production. (After Zhang et al. (2012).) lattice voids that result from the packing of the iron crystal lattice. This carbon is present in very small weight percentage, typically less than 2%. It facilitates the trade off of having excessive ductility of pure iron with increasing strength and low ductility of steels.
Methane Hydrates
We discussed at length the role that free volume plays in the thermomechanical performance in polymers and the role of plasticizers in increasing the free volume and plasticity. These are classic studies on polymers that explain this behavior. Another important functionality that certain materials exhibit is accommodating or hosting a molecule in free volume. This class of materials is known as guest-host complexes. These are a very important class of materials that can be used in biomimetic membranes, nonlinear optics, and selective transport through liquid membranes. Examples of these guesthost complexes are clathrates and calixarenes. The best known clathrate is methane hydrate. This material has been given considerable attention both as a source of global warming and as a source for the cleanest burning hydrocarbon fuel. The chemical formula is CH 4 · n H 2 O, where n ∼ 6 (Circone et al., 2005) . This material has also garnered attention as an engineered material, again for the solid storage of natural gas (methane) within a cage of water crystals, see Fig. 7 .19.
The drawback of the material is stability. This material is stable up to approximately 0 °C, or a few degrees above 0 °C while under pressure. Outside of these conditions the methane will be released. As a greenhouse gas, methane is far more aggressive than CO 2 , ∼21 times more damaging. This raises considerable concern about the release of methane into the environment from natural deposits in arctic permafrost. Figure 7 .20 illustrates the release and burning of methane from the ice cage. This dramatic appearance has led to methane hydrate being referred to as "burning ice." In 2004, Mitsui in collaboration with Osaka University opened one of the first facilities to produce methane hydrate.
In addition to water cages, one can utilize the free volumes in organic solids, such as calixarenes, to host methane . The structure shown in Fig. 7 .21 has a free volume of ∼235 Å 3 which can host two methane molecules .
Solar Power
Solar power is another technology along with the methane hydrate example given above as a power source. Intense research and development effort has gone into solar power, being a renewable energy source. The efficiency of solar cells is continuously being optimized to produce more power at a reduced cost. The degradation in efficiency in solar cells has been attributed to the formation of voids in the amorphous silicon wafers. This degradation, which can be as much as 15% during the first 1000 h of use, is known as the Staebler-Wronski effect. Unlike the crystalline silicon wafers, only the amorphous wafers demonstrate the Staebler-Wronski effect due to the disordered nature of the amorphous atomic structure (Fehr et al., 2014) . In the beginning, processing induced intrinsic nanoscale voids are present in the amorphous silicon network. These are the sites for the formation of the small, 1-2 nm voids. The formation of the smaller voids is caused by light induced breaking of the hydrogen-silicon bonds. These 1-2 nm voids are now thought to be the cause of the Staebler-Wronski effect. The mechanism of this degradation is illustrated in Fig. 7 .22. .22 In the initial state (left), the internal surfaces of voids are saturated with hydrogen atoms so that no defects are observed. Light induced breakage of atomic bonds causes defects (indicated by the vertical arrows on the right-hand side), which translates into reduced solar cell efficiency (Fehr et al., 2014) . 
